.
Complete removal of the cTAL around the MD plaque and application of laminar flow through a perfusion pipette directly to the MD apical surface essentially produced the same results even when low (10 mM) or zero NaCl solutions were used. Acetylated ␣-tubulin immunohistochemistry identified the presence of primary cilia in mouse MD cells. Under no flow conditions, bending MD cilia directly with a micropipette rapidly caused significant [Ca 2ϩ ] i elevations in AA smooth muscle cells (fluo-4 F/F 0: 1.60 Ϯ 0.12) and vasoconstriction. P2 receptor blockade with suramin significantly reduced the flow-induced TGF, whereas scavenging superoxide with tempol did not. In conclusion, MD cells are equipped with a tubular flow-sensing mechanism that may contribute to MD cell function and TGF. tubuloglomerular feedback; primary cilium; mechanosensor; juxtaglomerular apparatus MACULA DENSA (MD) cells in the cortical thick ascending limb (cTAL) are the sensory element of the juxtaglomerular apparatus (JGA) and play an important role in the control of renal blood flow, glomerular filtration rate, and renin release. MD cells are strategically positioned in the JGA such that their apical membrane is exposed to the tubular fluid, whereas their basilar aspects are in contact with the effector cells of the JGA, namely the renin-producing juxtaglomerular granular cells and the contractile cells in the extraglomerular mesangium and the afferent arteriole (AA). Consistent with this anatomic localization, MD cells can detect alterations in tubular fluid characteristics (for example, ionic composition) and generate and release chemical mediators that act on JGA effectors in a paracrine fashion. According to the prevailing paradigm, elevations in tubular NaCl concentration ([NaCl]) at the MD trigger basolateral ATP release from these cells, which directly or through its breakdown to adenosine cause AA vasoconstriction and reductions in glomerular filtration rate [tubuloglomerular feedback (TGF)] (6, 7, 14, 22, 35, 39, 40) .
Identification of the luminal characteristic(s) that is sensed by the MD was the topic of intense research more than 25 years ago conducted by several laboratories, and the results were long debated (1, 2, 4, 22, 35) . In particular, variables such as tubular fluid [NaCl] , flow rate, and osmolality were considered as top candidates for the characteristic that can trigger TGF (1, 2, 4, 22, 35) . Briggs et al. (4) and Schnermann and Briggs (35) found that most experimental maneuvers that cause TGF ultimately translate into alterations in tubular fluid [NaCl] at the MD, which has prevailed as the key luminal signal for TGF. However, increases in the distal microperfusion rate of a variety of electrolyte (including chloride-free) and nonelectrolyte solutions were demonstrated to elicit TGF responses (1, 21) , suggesting the role of increased fluid flow per se. These earlier reports also suggest that there may be more than one tubular signal that MD cells can detect. Support for this view includes, for example, the recent study by our laboratory on the localization of the succinate receptor GPR91 at the apical membrane of MD cells that can sense alterations in local tissue metabolism (41) .
In past years, changes in tubular fluid flow rate and the flow-sensing primary cilia and their associations with ATP release received much attention (10, 20, 28 -31) . Primary cilia are solitary, immotile organelles that sense extracellular chemical and mechanical signals and transduce them into cellular responses. Primary cilia are well-established fluid flow sensors in many organs and cell types, including renal epithelia (10, 20, 28 -31) . Bending of cilia in most cell types can trigger elevations in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ) via the function of ciliary membrane ion channels and associated proteins, including polycystins (30) . Interestingly, earlier electron microscopy work by several laboratories demonstrated the presence of primary cilia in MD cells (11, 12, 38, 43) , suggesting direct flow sensing by these cells. Flow-induced ATP release from MD cells is intriguing since ATP release is integral in TGF (3, 6, 14, 27) . A recent study from our laboratory found that elevations in tubular fluid flow rate trigger an ATP-dependent calcium wave that propagates in the JGA and beyond (27) . Also, a number of special MD and JGA dissection techniques (3, 14, (25) (26) (27) and their experimental applications that allow the precise manipulation of the MD environment have been developed recently. Therefore, we revisited the long-debated issue of direct fluid flow sensing by MD cells using these freshly dissected special JGA preparations in vitro.
MATERIALS AND METHODS
Animals. C57BL6J mice (6 -8 wk of age) were used from our colony bred at the University of Southern California. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Southern California. For anesthesia, the combination of ketamine and inactin (10 mg/100 g body wt each) was used.
In vitro isolated and microperfused glomerulus: JGA. Individual glomeruli with AA and attached cTAL-MD segment were dissected freehand from freshly harvested kidneys of anesthetized mice and perfused in vitro using methods that were described before (24 -27) . Briefly, the AA was cannulated and microperfused, and the AA vascular smooth muscle cells (VSMCs) were loaded with fluo-4 AM added to the bathing solution (1 M, 25°C, for 15 min) for intracellular Ca 2ϩ ([Ca 2ϩ ]i) imaging. In some experiments, the ratiometric calcium fluorophore fura-2 was added to the bath and used as described before (25) for imaging AA VSMC [Ca 2ϩ ]i. The most often used dissection technique was the open MD preparation, in which the cTAL tubule segments surrounding the MD were completely removed so the apical surface of MD cells was directly accessible from the bath for the use of stimulating or perfusion pipettes (Fig. 1) . In some preparations, the MD plaque was also removed for the purpose of control experiments. Viability of each preparation was confirmed by the existence of small, spontaneous, and temporary vasoconstrictions in the AA. Dissection media were prepared from DMEM mixture F-12 (Sigma-Aldrich). Fetal bovine serum (Hyclone) was added at a final concentration of 3%. Arteriole perfusion and bath fluid was a modified Krebs-Ringer-HCO 3 buffer containing (in mM) 110 NaCl, 25 NaHCO3, 0.96 NaH2PO4, 0.24 Na2HPO4, 5 KCl, 1.2 MgSO4, 2 CaCl2, 5.5 D-glucose, and 100 M L-arginine. In some preparations, the cTAL-MD tubular segment was perfused with an isosmotic, varying, NaCl-containing modified Ringer's solution consisting (in mM) of 10 NaCl, 135 N-methyl-D-glucamine (NMDG) cyclamate, 5 KCl, 1 MgSO 4, 1.6 Na2HPO4, 0.4 NaH2PO4, 1.5 CaCl2, 5 D-glucose, and 10 HEPES. The NaCl content of tubular perfusate was varied by changing the NaCl/NMDG cyclamate ratio, as described before (24, 26) . The pH of the solutions was adjusted to 7.4. Each preparation was transferred to a thermoregulated Lucite chamber mounted on an inverted microscope (Zeiss Axiovert 200M, ϫ40 oil immersion objective). The preparation was kept in the dissection solution, and also, temperature was kept at 4°C until cannulation of the arteriole and tubule was completed and then gradually raised to 37°C for the remainder of the experiment. The bath was continuously exchanged (1 ml/min) and oxygenized (95% O 2-5% CO2) throughout the whole experiment. The preparation was stimulated by one of the following stimuli. 1) Lateral fluid flow was applied directly to and parallel with the MD apical surface using a perfusion pipette ( Fig. 1 ) and different [NaCl] solutions (0, 10, 80, and 135 mM). Figure 1 , A and B, shows the specific experimental setup and positioning of the preparation. The perfusion pipette was placed pointing toward the MD but away from the AA, and the constant bath superfusion flowing parallel with the perfusion pipette washed the perfusate away from the AA. This arrangement helped to minimize the direct mechanical or chemical (varying [NaCl] ) effect of the perfusate on the AA. When NaCl was completely removed from the solution, NaCl was isosmotically substituted with NMDG cyclamate, KCl with potassium gluconate, and CaCl 2 with calcium gluconate. In other studies, tempol (100 M) or suramin (50 M, 10 min bath preincubation each) was added to eliminate the flow-induced generation of reactive oxygen species or block P2 purinergic receptors, respectively. If not indicated otherwise, the stimulus was applied by increasing fluid flow from the perfusion pipette from 2 to 20 nl/min. Calibration of fluid perfusion rates was performed as described before (27) . 2) Several MD cilia were bent directly and simultaneously with a glass micropipette under no-flow conditions. The primary cilia of MD cells were bent by moving a large micropipette (10 m in diameter) with the help of a micromanipulator (MP-225; Sutter Instrument, Novato, CA) parallel with and close to the apical membrane of MD cells. This precise maneuver was performed under direct visual control by using 50 -50% light split between the microscope eyepiece and detectors, differential interference contrast optics, and under high optical magnification (up to ϫ160) using a ϫ100 oil immersion objective combined with a ϫ1.6 microscope lens to make sure that the pipette did not touch the cell surface. In some preparations, a more robust mechanical stimulation of the MD cell's apical surface was performed by directly poking several MD cells in the same preparation with the tip of a perfusion pipette (2-3 m in diameter).
3) The intact cTAL-MD tubular segment was perfused with different [NaCl] solutions (10 or 80 mM). In all preparations, elevations in [Ca 2ϩ ]i of AA VSMCs were monitored by increases in VSMC fluo-4 fluorescence intensity (F) or fura-2 340/380 nm ratio (R) normalized to baseline (F/F 0 or R/R0, respectively). Fluo-4 or fura-2 fluorescence emission was detected every 2 s at 530 Ϯ 20 nm in response to excitation at 490 Ϯ 20 nm (for fluo-4) or 340/380 nm (for fura-2) using a 75W Xenon light source-based fluorescence imaging system (Stallion; Carl Zeiss MicroImaging/ Intelligent Imaging Innovations, Gottingen, Germany).
Immunohistochemistry. Immunofluorescence using mouse kidney sections was performed as described previously (24, 37, 41) . Briefly, kidneys were fixed in situ by perfusion of 4% paraformaldehyde in PBS. Coronal kidney sections were postfixed overnight at 4°C in 4% paraformaldehyde and embedded in paraffin. Subsequently, 5-m tissue sections were deparaffinized in toluene and rehydrated through graded ethanol. Sections were subjected to microwave antigen retrieval (10 min) and were blocked for 30 min with 20% goat serum in PBS to reduce nonspecific binding. Sections were incubated overnight at 4°C with 1:100 dilution of monoclonal anti-acetylated ␣-tubulin (Sigma-Aldrich, St. Louis, MO) followed by 1:500 Alexa 594-conjugated secondary anti-mouse IgG antibodies (Invitrogen, Carlsbad, CA) for 1 h. Sections were mounted with Vectashield media containing 4,6-diamino-2-phenylindole for nuclear staining (Vector Laboratories, Burlingame, CA) and imaged using a Leica TCS SP5 confocal fluorescence imaging system (Leica Microsystems, Heidelberg, Germany).
Data analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed by comparing VSMC fluo-4 F/F 0, fura-2 R/R0, and AA internal diameter (ID) values before vs. after flow stimulation using a paired Student t-test. To compare observations from multiple groups, a one-way ANOVA was used, followed by post hoc tests (Bonferroni correction) for multiple comparisons. Values of P Ͻ 0.05 were considered significant.
RESULTS

Direct stimulation of MD cells with fluid flow.
To directly examine whether MD cells are able to sense changes in tubular fluid flow rate, a single glomerulus with attached AA and MD was dissected. The entire MD plaque was exposed by removing the surrounding cTAL tubule segments (open MD preparation; Fig. 1 ). The apical surface of MD cells was directly accessible to the bathing solution, and a variety of mechanical stimuli were applied by using glass micropipettes. First, a perfusion pipette was placed close to the edge of the MD plaque parallel with its apical surface. Changes in fluo-4 fluorescence intensities monitored over the cytoplasm of AA VSMCs and the internal diameter of the AA were measured (before vs. after the flow stimulus) as indices of TGF responses in all experiments. The application of lateral fluid flow from the perfusion pipette directly to the MD apical surface (from 2 to 20 nl/min using 0 mM [NaCl] perfusate) produced vasoconstriction of the AA and elevations in VSMC [Ca 2ϩ ] i , as indicated by the increases in fluo-4 F/F 0 ratio (Fig. 1) . Repeated fluid flow stimulations in the same preparation every 45 s resulted in similar VSMC [Ca 2ϩ ] i responses, which showed no signs of desensitization (Fig. 1C) . [Ca 2ϩ ] i elevations were also detected in other cell types of the JGAglomerulus complex, including mesangial cells and podocytes, but not in MD cells. In MD cells, the fluo-4 F/F 0 ratio was 0.99 Ϯ 0.03 before and 1.03 Ϯ 0.07 after the flow stimulus (P ϭ 0.61, n ϭ 7). In addition to AA vasoconstriction, the high fluid flow rate triggered the contraction of the entire glomerular tuft (glomerular diameter reduced from 114 Ϯ 3 m to 106 Ϯ 2 m, n ϭ 9, P Ͻ 0.05).
Importantly 5.1 Ϯ 0.3, and 4.1 Ϯ 0.6 m, respectively; n ϭ 6 -9, as shown in Fig. 3A ). Perfusion solutions with lower [NaCl] appeared to produce smaller VSMC [Ca 2ϩ ] i responses (Fig. 3A) , but the differences between groups were not statistically significant. Importantly, the high-flow-induced TGF was completely abolished by the removal of the MD plaque. In these preparations the Fluo-4 F/F 0 ratio in AA VSMCs decreased by 0.03 Ϯ 0.02, and the AA ID decreased by 0.04 Ϯ 0.4 m when flow (using 80 mM [NaCl]) was increased from 2 to 20 nl/min (P ϭ 0.94, n ϭ 5) (Fig. 3A) .
Similar experiments were performed using the intact, microperfused cTAL-MD tubule preparation with simultaneously perfused AA. When the cTAL was perfused with 80 mM [NaCl] solution and the flow rate was increased from 2 to 20 nl/min, AA vasoconstriction and significant [Ca 2ϩ ] i elevations in AA VSMCs were observed (fluo-4 F/F 0 increased to 1.45 Ϯ 0.11, and AA ID was reduced by 6.2 Ϯ 0.2 m, P Ͻ 0.05, n ϭ 6; Fig. 3B ). When a cTAL perfusion solution with 10 mM [NaCl] was used, the same fluid flow increase resulted in still significant TGF responses (fluo-4 F/F 0 increased to 1.24 Ϯ 0.07, and AA ID was reduced by 5.7 Ϯ 0.3 m; n ϭ 7), but the VSMC [Ca 2ϩ ] i response was smaller compared with that when 80 mM [NaCl] was used (Fig. 3B) . Thus, it appears that significant flow-induced TGF responses were observed under a variety of [NaCl] conditions (0 -135 mM); however, the effects of flow were more pronounced when perfusate [NaCl] increased simultaneously.
Additional experiments were performed using the well-established ratiometric calcium fluorophore fura-2 to control for the validity of fluo-4 measurements. In the intact cTAL-double perfusion model, the normalized fura-2 ratio (R/R 0 ) in AA VSMCs increased to 1.24 Ϯ 0.02 (P Ͻ 0.05, n ϭ 4) in response to increased tubular flow from 2 to 20 nl/min using 10 mM [NaCl] and to 1.39 Ϯ 0.02 (P Ͻ 0.05, n ϭ 4) when 80 mM [NaCl] was used. In the open MD preparation, the flow stimulus caused an increase in fura-2 R/R 0 in AA VSMCs to 1.67 Ϯ 0.1 (P Ͻ 0.05, n ϭ 5) using 10 mM [NaCl] and to 1.9 Ϯ 0.05 (P Ͻ 0.05, n ϭ 4) when 80 mM [NaCl] was used. Therefore, the AA VSMC [Ca 2ϩ ] i responses detected by fura-2 were essentially the same as shown in Fig. 3, A and B, using fluo-4 .
Identification of the flow sensor. As in other cell types and nephron segments, the most plausible sensor of changes in tubular fluid flow rate at the MD is the primary cilium (10, 20, 28 -31) . Therefore, immunofluorescence studies were performed, using mouse kidney sections to localize ␣-tubulin, a ubiquitous component of primary cilia. Similar to other nephron segments, 5-to 8-m-long cilia were found on the apical surface of the MD plaque. Each MD cell appeared to possess only one primary cilium (Fig. 4) .
To examine whether MD primary cilia can act as fluid flow sensors, a different method of mechanical stimulation was performed, using the open MD plaque preparation. Rather than the application of fluid flow in the previous experiments, these studies were performed under no-flow conditions. A glass micropipette (10 m in diameter) was held by a motorized micromanipulator and moved parallel with and close to the MD luminal membrane without the apical surface of the cells being touched (Figs. 5A) . This stimulus resulted in the simultaneous bending of several MD cilia, confirmed visually using a ϫ100 oil immersion objective (Leica Microsystems). Direct, flow-independent MD cilia bending caused significant elevations in AA VSMC [Ca 2ϩ ] i (fluo-4 F/F 0 increased to 1.60 Ϯ 0.12) and AA vasoconstriction (AA ID decreased from 9.2 Ϯ 0.4 to 4.7 Ϯ 0.3 m; n ϭ 6) (Fig. 5, C-F) . These elevations in VSMC [Ca 2ϩ ] i were specific for cilia bending since other mechanical stimuli, for example, direct touching and poking of several MD cells in the same preparation with a perfusion micropipette (2-3 m in diameter), did not produce changes in VSMC [Ca 2ϩ ] i (Fig. 5, B and C) . Again, MD cells themselves did not respond to cilium bending with [Ca 2ϩ ] i elevations (Fig. 5, D and E) . Similar to flow-induced TGF, repeating the bending stimulus in the same preparation several times produced equal VSMC [Ca 2ϩ ] i responses, with no signs of desensitization (Fig. 5C) .
Signaling mechanism of flow-induced TGF. As described above, MD cells did not produce [Ca 2ϩ ] i elevations in response to either flow stimulation or direct cilia bending. Therefore, we aimed to test the involvement of two well-characterized flowdependent signaling systems. Recent studies suggested that elevations in tubular fluid flow rate can trigger the production of superoxide, and this mechanism was implicated in TGF (9, 18, 32, 44) . To investigate whether superoxide was involved in the fluid flow-induced TGF described above, the superoxide scavenger tempol (100 M) was used in the open MD plaque preparation. The addition of tempol failed to alter the magnitude of [Ca 2ϩ ] i elevations in AA VSMCs in response to increasing MD fluid flow rate from 2 to 20 nl/min using either 10 mM [NaCl] (fluo-4 F/F 0 increased to 2.10 Ϯ 0.06 or 2.01 Ϯ 0.04 with or without tempol, respectively) or 80 mM [NaCl] perfusion solutions (fluo-4 F/F0 increased to 2.24 Ϯ 0.04 or 2.25 Ϯ 0.08 with or without tempol, respectively). Similarly, tempol had no effect on flow-induced AA vasoconstriction (AA ID reduced by 4.1 Ϯ 0.6 or 4.6 Ϯ 0.5 m with or without tempol, respectively, using 10 mM [NaCl], and 4.7 Ϯ 0.6 or 4.3 Ϯ 0.5 m with or without tempol, respectively, using 80 mM [NaCl] , P Ͻ 0.05, n ϭ 4 each; Fig. 6A) . Also, the release of ATP from MD cells and its role in TGF are well established (3, 6, 14) . Using the same open MD preparation, we studied whether extracellular ATP and purinergic calcium signaling were involved in fluid flow-induced TGF. In the presence of the nonselective P2 purinergic receptor blocker suramin (100 (1) and Navar and colleagues (21, 22) found that under some condi- tions TGF responses were dissociated from distal tubular chloride, suggesting that MD cells can detect other luminal signal(s) as well. Ever since then the importance of tubular fluid flow rate has been largely overlooked. Interestingly, a recent in vitro microperfusion study from our laboratory found that elevated tubular flow rate resulted in more pronounced TGF responses compared with those evoked by the application of high [NaCl] at the MD (27) . These findings prompted us to study the flow response in more detail, using tissue preparations that allow direct assessment of the flow stimulus at the point of the MD.
The significantly stronger fluid flow-induced TGF responses observed when fluid flow rate and [NaCl] increased simultaneously (Fig. 3B) are consistent with the paradigm that MD cells can sense tubular salt via reabsorption through Na/K/2Cl cotransporter (NKCC2) (4, 6, 14, 16, 34, 35) . However, under the conditions of reduced NaCl gradient (including 0 mM NaCl solution to eliminate NKCC2-mediated MD NaCl uptake), the increased fluid flow rate was still able to trigger significant TGF responses (Fig. 3A) . These findings strongly support the importance of increased fluid flow per se independent of [NaCl], although under physiological conditions, tubular salt content and flow rate increase simultaneously during TGF. Inhibition by furosemide is a hallmark of TGF responses in vivo (4, 35) , and accordingly, in our previous work furosemide blocked flow-induced TGF responses (27) . However, the significant flow-induced TGF responses observed in the present study with 0 mM NaCl solutions seem to be in conflict with the earlier furosemide data (4, 27, 35) . The reason for this is not clear, but the different experimental approach and factors downstream of MD NKCC2 may provide an explanation. Furosemide acting on NKCC1 expressed in AA VSMCs causes vasodilatation (23) , which in effect could have masked the tubular fluid flow component of TGF in vivo. In addition, chloride removal from the tubular fluid causes MD cell shrinkage, which can activate various signaling cascades, including MAP kinases and PGE 2 generation (8, 45) , but also significant alkalinization of the MD due to unopposed apical Na/H exchange activity (24) . High MD pH has been linked to increased production of nitric oxide (NO), another vasodilator, and blunted TGF (17, 42) . It is likely that PGE 2 and NO generation is more intact in vivo compared with our in vitro model, and it can explain the complete TGF inhibition by chloride removal in that model (4, 35) . Also, it should be noted that the high bath [NaCl] in the open MD preparation caused AA vasoconstriction under baseline conditions; however, after recovery and adaptation (33), the AA was still sensitive to MD fluid flow elevations. Even the lowering of MD salt (from 135 to 0 mM NaCl) in that preparation with increased fluid flow rate induced TGF, further suggesting the important role of fluid flow. Regarding the role of MD cell volume, it appears that different stimuli that trigger TGF can be associated with MD cells either swelling (26) or shrinking (15) , suggesting the lack of the direct involvement of MD cell volume in TGF.
It is unlikely that AA VSMCs directly responded to fluid flow stimulations independent of the MD. The finding that the high-flow-induced TGF was fully dependent on the presence of an intact MD plaque (Fig. 3A) is strongly supportive of a specific, MD-mediated mechanism. Also, careful positioning of the preparation prevented any fluid flow toward the AA. As mentioned above, significant reductions in bath [NaCl] triggered vasoconstriction as well, although reductions in Cl Ϫ flux in VSMCs would be expected to produce vasodilatation, similar to the effects of furosemide (23) .
The MD flow-induced elevations in [Ca 2ϩ ] i in VSMCs of proximal AA segments and intraglomerular mesangial cells and podocytes are consistent with the recently described propagation of a calcium wave during TGF (27) . Also, the involvement of purinergic signaling in MD flow-induced TGF (Fig.  6B) further supports the important role of MD ATP release in TGF (3) and the recently established mediator role of ATP in cilia-mediated fluid flow sensing (10) . Figure 6B shows that the inhibition of P2 purinergic receptors did not completely abolish the flow-induced TGF response, suggesting the involvement of other mediators, for example, adenosine (6, 36, 40) . Interestingly, the flow-induced elevations in [Ca 2ϩ ] i of AA VSMCs were considerably higher when the open MD preparation (Fig.  3A) vs. the intact microperfused tubule technique was used (Fig. 3B) . This is likely the result of stronger mechanical stimulation (cilia bending) caused by the higher fluid velocity in that model (same flow rate applied directly on the MD cell's surface via a small pipette vs. a large tubule with diameters of 2-3 m or Ͼ10 m, respectively). Nevertheless, the magnitude of AA vasoconstriction was similar in the two models (Fig. 3, A and B) .
The primary cilium is a well-established fluid flow sensor in renal epithelia (10, 20, 28 -31) in which cilia bending can trigger elevations in [Ca 2ϩ ] i (28) . The present data are consistent with earlier electron microscopy work by several laboratories (11, 12, 38, 43) and confirm the presence of primary cilia in mouse MD cells, suggesting that MD cells are equipped with a similar flow-sensing machinery. However, MD cells did not produce [Ca 2ϩ ] i elevations in response to cilia bending (Fig.  5) . The lack of a robust MD calcium response during TGF is also consistent with earlier reports (13, 25, 27) . It is well established that mechanosensation via primary cilia is a celland tissue-specific mechanism that may involve calcium-independent signaling pathways (19) . Our data suggest that the mechanisms responsible for cilium-mediated flow sensing in MD cells and in other renal epithelia are distinct. One potential underlying mechanism that was addressed in the present studies is oxidative stress. Tubular fluid flow elevations in the TAL have been shown to induce the generation of reactive oxygen species (9) . Also, the role of superoxide in TGF is well established (5, 18, 32, 44) . However, in our studies the scavenging of superoxide by tempol had no effect on the magnitude of flow-induced TGF response (Fig. 6A) , suggesting that this process is not involved in MD tubular fluid flow sensing.
In conclusion, our data suggest that, in addition to detecting tubular salt, MD cells are equipped with a tubular fluid flowsensing mechanism that may be another important MD cell sensory function directly involved in TGF. Since a number of genetic cilia-deficient mouse models are available, it should be possible to address the role of MD primary cilia in TGF in vivo in future work.
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